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Cyanohydrins have always held a place of importance both as technical products and as reagents in organic chemistry. It is surprising. therefore. that optically active cyanohydrins have been extensively investigated and employed for syntheses relatively recently. This can be explained by the fact that only in the past few years have enzymatic methods made chiral cyanohydrins readily available in high optical purity. Chiral cyanohydrins are widespread in nature in the form of the respective glycosides and serve roughly 3000 plants and many insects as antifeedants. For the preparative organic chemist. this class of compounds offers an enormous synthetic potential for making other chiral compounds accessible. In a few instances, the pharmacological principle of a drug also incorporates a chiral cyanohydrin as constitutive structural element. In the development of novel. physiologically active compounds all possible stereoisomers must be synthesized and investigated with respect to their activity range and the pathway of their metabolic transformations and/or degradation. The development of simple synthetic procedures for such compounds, which also entail a high degree of stereoselectivity, therefore has prime importance. To this end chiral cyanohydrins may serve as stereochemically pure starting materials.
In the present review, the following topics will be addressed: enantioselective addition of hydrogen cyanide (HCN) . catalyzed by the enzymes (R)-and (S)-oxynitrilase, to aldehydes and ketones yielding ( R ) and (S) cyanohydrins, respectively; enantioselective addition of HCN to aldehydes catalyzed by cyclic dipeptides; enantioselective esterification of racemic cyanohydrins and enantioselective hydrolysis of cyanohydrin esters catalyzed by lipases and esterases, respectively: transformation of the nitrile group of chiral cyanohydrins to provide optically active z-hydroxycarboxylic acids, aldehydes, and ketones, as well as 2-amino alcohols; sulfonylation of the OH group of chiral cyanohydrins to furnish optically active r-sulfonyloxynitriles which undergo S,2 displacement of the activated OH group yielding r-azido-, r-amino. and a-fluoronitriles with inverted configuration.
Introduction
A whole series of procedures has been developed in the last few years for preparing optically active cyanohydrins as precursors for cc-hydroxycarboxylic acids, r-hydroxy aldehydes, and vicinal amino alcohols, which have thus become accessible in stereochemically pure form." ~ 31
The stereoselective syntheses of cyanohydrins can be classified into chemical and euzymatic (enzyme-catalyzed) procedures. The most important chemical methods are the diastereoselective addition of trimethylsilyl cyanider4] and related cyanide-transfer agentsE5] to chiral aldehydes, and the enantioselective addition of trimethylsilyl cyanide to aldehydes in the presence of chiral catalyskrb. Enzymatic procedures leading to optically active cyanohydrins include the oxynitrilase-catalyzed enantioselective addition of HCN to aldehydes, the enantioselective hydrolysis of cyanohydrin ester racemates with es-[*I Prof Dr. F. Effenherger Institut Cur Orgdnische Chemie der UniversitHt Pfaffcnualdring 55. D-70569 Stuttgart (FRG) Telefax: In1 code + (711) terases, and the enantioselective esterification of cyanohydrin racemates with lipases.
In special cases cyclic dipeptides also catalyze the enantioselective addition of H C N to aldehydes;[" this procedure does not fit into the chemical/enzymatic classification. Formally, cyclic dipeptides can be considered chiral catalysts; however, structural similarities to the active center o f oxynitrilases, the structure of which is not yet known, cannot be ruled out completely.
If one weighs the advantages and disadvantages of the chemical and enzymatic methods for preparing optically active cyanohydrins, the scales tip in favor of enzyme-catalyzed processes as general techniques, both with respect to the ee values attainable and possible adaptation for the preparation of cyanohydrins on a technical scale. This does not exclude the possibility, though, that other processes might be more advantageous in special cases.
This review focuses on the enzyme-mediated procedures and the use of cyclic dipeptide catalysts for the synthesis of optically active cyanohydrins, in particular aldehyde cyanohydrins, because of their practical importance. In addition, the tremendous potential of optically active cyanohydrins for the synthesis o f other important chiral compounds will be discussed.
One of the first asymmetric synthesis effected by enzymes ("durch Enzyme bewirkte asymmetrische Synthe~e"'~]). published by L. Rosenthaler in 1908, concerns the preparation of mandelonitrile from benzaldehyde and HCN, with emulsin as source of the enzymatic catalyst. Rosenthaler gave detailed information on the course of the reaction and the effect of the reaction conditions on the optical yield, but this interesting example of an enzyme-catalyzed asymmetric synthesis was not followed up for many years. ['"] More than fifty years later E. Pfeil et al. took up the idea and developed it into a more general procedure. The enzyme ( R ) -oxynitrilase [EC 4.1.2.101, which actually catalyzes the addition of HCN to benzaldehyde, was isolated from bitter almonds (Prunus um~~gdulus), purified. and characterized." 'I It was shown that (R)-oxynitrilase accepts other aromatic aldehydes besides its natural substrate benzaldehyde, as well as saturated and unsaturated aliphatic and heterocyclic aldehydes; in each case, the enzyme catalyzes the formation of the corresponding ( R ) cyanohydrin.['*] (R)-Mandelonitrile was prepared with 86'/0 r e (determined from the specific rotation). which was very high for that time. For less reactive aldehydes, however, the optical yield decreased dramatically; thus, this simple procedure for the preparation of(R) cyanohydrins found virtually no practical application for the next two decades.
All efforts failed to improve the optical yields under the conditions used by Pfeil et al. (solvent: water or water/ethanol; pH 5-6 corresponding to the activity optimum of the enzyme)
' "I Und er these conditions the chemical addition of HCN to aldehydes leading to racemic products cannot be suppressed and prevails especially when the enzyme-catalyzed reaction is slow.
The decisive breakthrough for this process came when it was discovered that the undesirable chemical addition is more or less suppressed in organic solvents that are not miscible with water. for example ethyl acetate or diisopropyl ether (Fig. Figure 1 shows, the uncatalyzed addition of HCN to benzaldehyde is very slow indeed in ethyl acetate. Thus even for aldehydes that are poor substrates for the enzyme, the enzymatic process predominates over the chemical addition in these media, and products with high c' e values result (see Scheme 1, Table 1) In contrast to most other enzyme-catalyzed reac- Of the many organic solvents that have been tested for oxynitrilase-mediated reactions,["] diisopropyl ether has proven especially advantageous with respect to the ee values obtained. This is illustrated strikingly by a number of reactions listed in Table 1 which were carried out in both ethyl acetate and diisopropyl ether. Moreover, enzyme activity in diisopropyl ether can be maintained even over a period of several weeks (Fig. 2) . In ethyl acetate. in contrast. (R)-oxynitrilase activity is diminished by more than 50% within a few hours (Fig. 2) . The lower water content in diisopropyl ether compared to that in ethyl acetate""] apparently affects both (R)-oxynitrilase activity and stability very favorably. For the reactions carried out in organic solvents it is particularly advantageous to employ enzymes bound to a suitable support, for example a crystalline cellulose material such as Avicel. Thus, the "support-bound" enzyme may be filtered off after the reaction is complete and reused as catalyst. (R)-Oxynitrilase in organic solvents also accepts rather high substrate concentrations (up to 2 mol L-' ) without decreasing the ee values; thus, product formation is characterized by a highly favorable spacetime yield."61 The reaction may even be run in a continuous mode: the starting materials are dissolved in the organic solvent and then passed over a column loaded with the support-bound enzyme.'' or alternatively. kept in a membrane reactor whence the products are separated from unreacted starting materials and the catalyst by In aqueous medium the oxynitrilase-catalyzed addition of H C N to aldehydes may be carried out with high selectivity also by simply lowering the pH of the reaction medium below 4.0, where the chemical addition is largely suppressed." 'I Enzyme activity, however, is also reduced at such low pH values. This may be compensated for by employing higher enzyme concentrations; still. reactions with the less reactive aldehyde substrates have poor selectivity. Also, this process is not conductive to the reaction of aldehydes that are poorly or not at all soluble in water.
As
Many attempts have been reported to avoid the use of the highly toxic, free hydrogen cyanide in the synthesis of cyanohydrins. For instance, aldehydes in water/ethanol have been treated with potassium cyanide and acetic acid in the presence of (R)-oxynitrilase; the respective (R) cyanohydrins were obtained, though with lower optical yields.['*] Transcyanation with acetone cyanohydrin as H C N donor in the presence of (R)-oxynitrilase has been reported to give ( R ) aldehyde cyanohydrins and acetone;["' however, the selectivities claimed by the authors could not be reproduced.[201
(S)-Oxynitrilase-Mediated Addition of HCN to Aldehydes
An enzyme that preferentially cleaves (S) cyanohydrins into aldehydes and HCN, and thus may also be expected to catalyze the reverse reaction, was first isolated from SorgI~uni hicolor and characterized by Conn and Bovk in 1961 .'21e1 This (S)-oxynitrilase [EC 4.1.2.1 I ] and the (R)-oxynitrilase [EC 4.1.2.101 from bitter almonds differ in both structure" I h . 2 1 h . 221 and catalytic properties. The most striking structural difference is that (R)-oxynitrilase has a prosthetic group (flavine adenine dinucleotide, FAD) which is missing in (S)-oxynitrilase. Removal of the FAD moiety from the (R)-oxynitrilase results in complete loss of the catalytic activity.
It is substantially more time-consuming to isolate amounts of (S)-oxynitrilase sufficient for preparative purposes from Sorghum hicolor than it is to isolate (R)-oxynitrilase from bitter almonds. Consequently, this enzyme has been applied in organic syntheses only very recently.[23. 241 (S)-Oxynitrilase from Sorghum catalyzes exclusively addition of H C N to aromatic and heteroaromatic aldehydes to yield the respective (S) cyanohydrins (Scheme 2). but it does not accept aliphatic aldehydes as substrate^.[*^^ 241 The selectivities in organic solvents are comparable for the two enzymes (Tables 1 . 2).
For the synthesis of ( S ) cyanohydrins, reactions in organic solvents rather than in aqueous medium are particularly advantageous since much smaller amounts of the poorly accessible
Scheme 2 Preparation of ( S ) cyanohydrins REVIEWS F. Effenberger Tahle 2. Synthesis of(S) cyanohydrins (S)-2 by enzyme-catalyzed addition of HCN to aldehydes 1 in diisopropyl ether [23] . [a] r Yield CL' [a] [h] [%I [%I [h] [ [a] Dclermincd hy ga? chromatography of the (R)-MTPA esters as described in Tahle 1   Table 3 . Synthesis of ( R ) ketone cyanohydl.inT (R)-5 (R' = CH,) and (R)-6 ( R 2 = C,H,) by enLyme-catalyLed addition of HCN to ketones 3 (Rz = CH,) and 4 ( R z = CIHS). respectively, in diisopropyl ether [33a] and i n aqueous citrate buffer
enzyme are required. In addition some technically interesting ( S ) cyanohydrins, such as those from 3-phenoxybenzaldehyde and various heteroaromatic aldehydes, are difficult to prepare in an aqueous system owing to the low solubility of the respective Recently. the catalytic activity of another (S)-oxynitrilase, isolated from the leaves of the rubber plant (Hevec~ hrmiliensix). was investigated.'251 In contrast to (S)-oxynitrilase from Sorgliuni. this enzyme was found to accept both aliphatic and aromatic aldehydes; however, the enantioselectivity of the reaction proved to be unsatisfactory for a number of substrates Despite all improvements in the isolation of (S)-oxynitrilase from Sorglzzcw7 hicdrr L.,[261 industrial application of this enzyme requires the respective gene to be cloned in pro-or eucaryotic organisms and overexpressed. So far, 90% of the native hydroxynitrile lyase (HNL) has in fact been cloned.[26b1
(R)-Oxynitrilase-Mediated Addition of HCN to Ketones
The few optically active ketone cyanohydrins described in the literature have as a rule been obtained by stereoselective addition of HCN or of cyanides to ketones that already have a stereogenic center. Thus, addition of HCN to 17-oxosteroids proceeds with very high dia~tereoselectivity.[~'~ Comparable optical induction is observed for the addition of Me,Si(CN), to chiral p-hydroxyketones,[281 of Et,AICN to chiral b-ketosulfoxides, ["] and of trimethyl-(3-propenyl)silane to chiral acyl
The enantioselective hydrolysis of racemic esters of cyanohydrins with yeast cells from Pichki miso gives only poor chemical yield. '"] The defense mechanism in which HCN is released from 0-glycosyl cyanohydrins (cyanogenesis) by enzymes, is effective with both aldehyde and ketone c y a n o h y d r i n~; [~~] 
Cyclodipeptides as Catalysts for the Enantioselective Addition of HCN to Aldehydes
Inoue et al. showed that cyclic dipeptides (1.4-dioxopiperazines) containing a histidine moiety also catalyze the asymmetric addition of HCN to benzaldehyde to provide optically active mandelonitrile.[8. 341 The highest selectivity (87 Yo ee of (R)-mandelonitrile) was obtained with the cyclic dipeptide from (5')-histidine and (S)-phenylalanine (Table 4 ) .134u1 The reaction is not restricted to benzaldehyde. It has been extended to other aromatic aldehydes and numerous heterocyclic and aliphatic aldehydes: in most cases. though, the selectivity was unsatisfactory (Table 5) .13"'. " , -161 With ketones. the corresponding cyanohydrins are obtained with very low enantioselectivi- (Table 4) .13'"] This possibility of inverting the product configuration by simply changing the catalyst was employed in the synthesis of (S)-3-phenoxybenzaldehyde cyanohydrin,13". the alcohol component of a commercially important pyrethroid.
REVIEWS
["] The mechanism of the enantioselective addition of HCN to aldehydes under cyclic dipeptide catalysis still remains to be unraveled. Nothing definite is known yet, for instance. of the structure of the transition state or of intermediates, despite many efforts. ["'. 3y1 Acyclic dipeptides also show limited catalytic activity for enantioselective HCN addition to aldehydes; however. acceptable selectivities were obtained only in the presence of certain titanium compIexe~. ["~] 
Preparation of ( R ) and (S) Cyanohydrins by Kinetic Resolution with Esterases and Lipases
Aldehyde cyanohydrins are secondary alcohols and thus may form esters with carboxylic acids. Esterase-catalyzed hydrolysis or lipase-catalyzed esterification thus might be utilized to separate the enantiomers of either racemic cyanohydrins or cyanohydrin
Enantioselective Hydrolysis of Racemic Cyanohydrin Esters
If saponification of cyanohydrin acetate racemates catalyzed by ester hydrolases from Pseudornonus sp. is carried out in a phosphate buffer at pH 7, only the unreacted cyanohydrin acetates are isolated in stereochemically pure form. Under the reaction conditions the chiral cyanohydrins apparently are r a c e m i~e d . [~~~ Only in a few cases are the free cyanohydrins isolated as more or less pure e n a n t i o m e r~. [~~I Hydrolysis with lipases in a sodium acetate buffer at pH 4.5 without exception 
C , H , , , C,H,CH,) with various Iipaaeh t o give ( R ) cyanohydrins and ( S ) cyanohydrin esters. and ( S ) cydnohydrins and ( K ) cynnohydrin esters; lipase from Preiidoinonris Jlwiorescozs (A). lipase PS (B). Iipase P (C). lipdse from Cundid~r d i n r f r u w u (D). and lipase AY (E).
cyanohydrin esters are good substrates (R = C,H,), but aliphatic derivatives (R = C,H,) are not. Butyrates (R' = C,H,) yield (S) cyanohydrins with the highest selectivities (97 YO ee). The situation is reversed for lipases D and E; for these enzymes, the aliphatic cyanohydrin esters ( R = C,H,) are good substrates, and the butyrates (R' = C,H,) once again give ( R ) cyanohydrins with the highest selectivities (up to 86% e e ) .
Enantioselective Esterification of Cyanohydrin Racemates
Chiral cyanohydrins d o not racemize to any significant extent in organic solvents. Lipase-catalyzed enantioselective esterification of a cyanohydrin racemate in organic solvents thus appears especially suitable for racemate resolution when the unprotected optically active cyanohydrin is d e~i r e d . [~l ,~~] With vinyl acetate, for which acylation is not reversible,[441 and in dichloromethane as the lipases A-D exhibit the same configurational specificity as that observed in the enantioselective hydrolysis of the ester racemates described in Section 6.1 (Scheme 5).
The highest optical yields for the (S) acetates (S)-7, up to 98 % r e , for aromatic cyanohydrins have been obtained with Pseudornoiius.puoresc.ens lipase (A) ,[411 which also catalyzes the acetylation of aliphatic cyanohydrins yielding the acetates (S)-7.
One principal disadvantage of kinetic resolution is that at most 50 % of the racemic material can be obtained as the desired enantiomer. It is generally necessary, therefore, to subsequently racemize the remaining undesired enantiomer and to return the resulting racemate to the process. The enantioselective acetylation of a cyanohydrin racemate may also be carried out with REVIEWS F. Effenberger isopropenyl acetate in an organic solvent and in the presence of a basic ion exchange resin that is sufficiently basic to CWSK racemization of the cyanohydrin, but not of the optically active cyanohydrin acetate formed.1451 Thus, a subsequent. separate racemization is no longer required, and the racemic substrate can be completely converted into one enantiomer. The subsequent hydrolysis of the enantiomerically pure cyanohydrin acetates can be conducted under nonracemizing conditions. Apart from the enantioselective hydrolysis of cyanohydrin ester racemates (Section 6.1) and the enantioselective esterification of such racemic cyanohydrins (Section 6.2), racemic mixtures of cyanohydrin esters can be resolved by lipase-catalyzed transesterification with high-boiling alcohols in organic solvents.[41. 461
Stereoselective Reactions of Optically Active C yanohydrins
Since chiral cyanohydrins as a-substituted carboxylic acid derivatives have considerable synthetic potential. subsequent stereoselective reactions should lead to other important classes of compounds with stereogenic centers. Two types of reactions of cyanohydrins can be differentiated: reactions of the CN function which d o not involve the r-hydroxyl moiety, and those in which reaction occurs at the OH group. Application of either reaction type in general synthesis requires racemization-free processes.
Reactions of the Nitrile Group
In contrast to a-amino acids, only a few optically active a-hydroxycarboxylic acids are found in nature. General processes for the preparation of chiral a-hydroxycarboxylic acids therefore had to be developed. Today, they are accessible by straightforward chemical synthesis,[471 by fermentation.[481 and by enzymatic processes.[49. Specific ( S ) r-hydroxycarboxylic acids may be obtained by diazotization of natural L r-amino acids in aqueous medium. The diazonium salts formed initially undergo intramolecular substitution to the respective a-lactones with inversion of configuration; these are hydrolyzed, again with inversion, to give r-hydroxycarboxylic acids with a configuration identical to that of the starting a-amino acid. The (S) enantiomers thus obtained may be converted into the corresponding (R)-2-hydroxycarboxylic acids by activation of the OH group followed by S,2 displacement with an oxygen nucleo~h i l e . [~ ' I
The raceniization-free hydrolysis of chiral cyanohydrins offers an interesting general route to ( R ) and (S) 2-hydroxycarboxylic acids. Hydrolysis of an optically active cyanohydrin with concentrated hydrochloric acid was first described for mandelonitrile where it was used to probe for the optical purity of the nitrile.['""] Other authors later on assumed that in some cases acid-catalyzed hydrolysis of unprotected cyanohydrins resulted in partial racemization.'". 35a1 0-protected cyanohydrins, on the other hand, are hydrolyzed with a high degree of retention of configuration to the respective r-hydroxycarboxylic acids in both a c i d i~[~~l and basic media.[44"] Since both the formation of a cyanohydrin and its cleavage to the aldehyde and H C N are base catalyzed. one might expect that the acid-catalyzed hydrolysis of unprotected cyanohydrins would proceed without racemization.
( R ) and (S) cyanohydrins derived from aldehydes" 3 c , 231 and ( R ) ketone c y a n~h y d r i n s l~~] are indeed hydrolyzed by concentrated hydrochloric acid to give the corresponding ( R ) and (S) hydroxycarboxylic acids. respectively, in excellent chemical yield and with complete retention of configuration (Schemes 6. 7; Tables 6, 7) . Actually, such hydrolyses can be carried out quite simply. In the first step, the optically active cyanohydrins are prepared from the parent carbonyl compound and HCN in an organic solvent under enzyme catalysis. The Avicel-bound enzyme is filtered off. the solvent removed, and the cyanohydrin residue hydrolyzed with concentrated hydrochloric acid directly and without any additional purification step. The HCI is removed, and the %-hydroxycarboxylic acids are extracted with (S )-8
Scheme 6. Acid-catalyzed hydrolysia of ( R ) and ( S ) cyanohydrins to give ( R ) and ( S ) 2-hydroxycarboxyl~c acids. respectively, and racemization-free hydrogenation of ( R ) cyanohydrins to give ( R ) 2-amino alcohols. Optically Active Cyanohydrins Table 6 . Acid-cataly7ed hydrolysis of the ( R ) and ( S ) cyanohydrins 2 [a] - [a] Ci-ude product. [b] Determined by gas chromatography after formation of the isopropbl cster (treatment with HCI-saturated isopropanol) and subsequent derivat u i i t i o n 10 the dia,lereomeric (R)-MTPA esterh [13. 231. diethyl ether, isolated, and characterized. Comparison of the optical purity of the crude cyanohydrins with that of the isolated and purified a-hydroxycarboxylic acids shows hydrolysis to proceed virtually without racemization in all cases investigated (Tables 6. 7) . A wide spectrum of cyanohydrins is easily accessible by the enzymatic procedure outlined above. The acid-catalyzed hydrolysis of the optically active cyanohydrins, which can be conducted without racemization, thus represents a general route for the preparation of chiral a-hydroxycarboxylic acids.
REVIEWS
Optically active a-hydroxy aldehydes are also important structural elements in natural products and thus might also be employed as chiral starting materials in asymmetric syntheDirect conversion of optically active cyanohydrins into the corresponding a-hydroxy aldehydes would make this class of compounds easily accessible. Cyanohydrin racemates in fact have been hydrogenated with Raney nickel in acidic medium to a-hydroxy When this procedure was extended to optically active cyanohydrins, the configuration of the isolated products indicated that hydrogenation occurs with a high degree of retention of configuration.[53b' Because of the moderate yields and the difficult product isolation. however, selective hydrogenation of a-hydroxycarboxylic acids (see above) appears a much more favorable route to chiral r-hydroxy aldeHydrogenation of chiral cyanohydrins to 2-amino alcohols is also of considerable preparative interest, since these compounds have a wide spectrum of biological activity.[551 They may be categorized as adrenalin-type derivatives (amino function at a primary carbon atom) or ephedrin-type derivatives (amino function at a secondary carbon atom). Adrenalin-type 2-amino alcohols can be prepared from 0-protected chiral cyanohydrins by various hydrogenating procedures without any trace of r a c e m i z a t i~n . [~~.~~" , Interestingly, free chiral cyanohydrins may also be hydrogenated directly and without racemization to the corresponding amino alcohols. [' 3c1 Here. as in the synthesis of a-hydroxycarboxylic acids, the chiral cyanohydrins obtained from enzyme-catalyzed HCN addition in organic solvents can be applied directly, without any specific purification, for the hydrogenation process (Scheme 6. Table 8 . Hydrogenation of(R) cyanohydrins (R)-2(prepared i n silu by enqme-catalyzed addition of HCN to aldehydes 1) with LiAlH, to give amino alcohols
Y leld L'P [a] [ "h] ["/ "I Preparation of 2-amino alcohols of the ephedrin type starting from cyanohydrins was first described by Krepski et al.; O-protected racemic cyanohydrins were reacted with Grignard reagents, and the resulting imino intermediates were subsequently hydrogenated with NaBH,.["I This method was also applied successfully to (R) and ( 
F. Effenberger ceeds without any racemization at C-1. The hydrogenation at C-2 is highly diastereoselective owing to chelate control; er?~/7ru products are formed almost exclusively (Scheme 8, Table 9 ) .[591 On the other hand, the tkrro compounds are formed predominantly when N-diisobutylaluminum hydride is added to the 0-protected cyanohydrin before the organolithium reagent is added.r601 This procedure, however. is decidedly less diastereoselective.[601 
>99
[a] As the hydrochloride [b] Determined by pas chromatography after treatment of the crude products with piwloyl chloride and filtration through silica pel.
[c] Determined after one rccrystalli~ation.
In both hydrogenation[61a1 and Grignard reaction[61b1 with 0-protected cyanohydrins, imines are formed initially; these may be subjected to transimination with primary amines to furnish biologically interesting N-substituted amino alcohols. Addition of HCN to the imino compounds affords /I-hydroxy x-amino acids stereoselectively, if one starts out with a chiral cyanohydrin.""' Hydrolysis of the imino compounds formed by addition of Grignard reagents to 0-protected chiral cyanohydrins yields optically active acyloins. Sulfonyl-activated cyanohydrins are often employed in synthesis, since both the cyanohydrin and the nucleophile can be varied. In addition, direct stereoselective reactions of the cyanohydrin OH group are also feasible with special reagents. The enzyme-catalyzed asymmetric synthesis of cyanohydrins known for close to ninety years has only in the last decade turned into an important instrument for organic synthesis. The markedly improved enantioselectivities are possible primarily by suppression of the chemical cyanohydrin formation. This can be achieved either by employing an organic solvent or by working at low pH values.
REVIEWS
( R ) Cyanohydrins in particular have become easily accessible by this procedure, and their considerable synthetic potential as x-substituted carboxylic acid derivatives has been firmly established within a few years. Reactions of optically active cyanohydrins can be conducted with retention of chirality, and further stereogenic centers can be introduced diastereoselectively. Thus chiral cyanohydrins open up routes to other important classes of compounds with stereogenic centers. The synthetic potential of chiral cyanohydrins appears particularly important for the diastereoselective synthesis of drugs with stereogenic centers. Even if drugs like 2-amino alcohols are still applied in racemic form today, all stereoisomers are required for registration. since the activity spectrum and metabolism of each isolated stereoisomer must be established. Chiral cyanohydrins frequently open simple and direct routes to the individual stereoisomers.
The (R)-oxynitrilase from bitter almonds has a broad substrate spectrum and can be obtained readily in industrial quantities. I n contrast, the substrate spectrum of (S)-oxynitrilase from Sorghum is restricted mainly to aromatic aldehydes, and the poor availability of this enzyme is more or less prohibitive for industrial applications. Future developments in the synthesis of optically active cyanohydrins are thus expected primarily in extending the substrate spectrum of (S)-oxynitrilases and in improving their availability. (S)-oxynitrilases from other organisms (plants, insects) may extend and improve the substrate spectrum. The poor accessibility of (S)-oxynitrilases, however, will be overcome only by cloning and overexpression in a sufficiently efficient production organism.
Modification of the active center(s) of the oxynitrilases. which is prerequisite for further optimization of the substrate selectivity, requires knowledge of the complete enzyme structure. Currently. little or rather almost nothing is known about the threedimensional structure of oxynitrilases. If this deficit can be overcome, oxynitrilases will gain even more importance in the synthesis of chiral compounds. 
